Abstract: A three-degrees of freedom (3-DOF) coupled numerical simulation technique for synchronously extracting 18 aerodynamic derivatives of bridge decks is proposed and evaluated in this study. Computations are performed with a finite volume unstructured computational flow dynamics (CFD) solver using two-dimensional (2D) hybrid meshes with fine near-wall resolution. The accuracy of the numerical model is verified by identifying the aerodynamic derivatives of one thin plate section with theoretical solutions. Further, for two typical deck sections (streamlined and bluff) of two long-span bridges, the extracted 18 aerodynamic derivatives from both coupled and uncoupled techniques are compared. The results showed good agreement with the experimental results. The proposed 3-DOF coupled method can provide almost the same level of accuracy as the 1-DOF method and saves about 67% of the computation time. The appropriateness of the linear superposition theorem for the aeroelastic forces generated by different motions (single and coupled mode) is examined, and found that there are significant differences in both aerostatic and aeroelastic forces. Various high-order aeroelastic force components are successfully captured by the newly presented coupled numerical simulation, and the aerodynamic derivatives are proved to be immune to the high-order components mathematically. This knowledge is essential for a thorough evaluation of aerodynamic derivatives identification accuracy. The proposed technique and the analytical viewpoints presented in this paper may serve as the building block for developing new numerical tools and analytical frameworks for rapid and accurate evaluation of aerodynamic derivatives, and the response of long-span flexible bridges to wind excitation.
Introduction
The self-excited aeroelastic forces induced by structural motions in flows can be usually quantified by the linear functions of flow pressure, reduced frequency, displacement, velocity, and sectional aerodynamic derivatives. Aerodynamic derivatives are critical in characterizing the aerodynamic characteristics of bridge decks and estimating the flutter and buffeting performances of long-span flexible bridges. To date, only theoretical solutions of aerodynamic derivatives for airfoil and/or thin flat plate are available, and there is no documented theoretical formulation to quantify the aerodynamic derivatives of diverse bridge deck sections. Use of either wind tunnel experiments or computational flow dynamics (CFD) numerical simulations is commonly adopted to obtain bridge deck aerodynamic derivatives. Scanlan and Tomko (1971) proposed the indirect free vibration method to extract aerodynamic derivatives associated with selfexcited lift and pitching moments. This method has been widely used because of its simplicity and has also been further extended to extract 18 aerodynamic derivatives using three-degrees-offreedom (3-DOF) free vibration data (Singh et al. 1996; Mishra et al. 2006; Bartoli et al. 2009) . A comparative and sensitivity study of aerodynamic derivatives of selected bridge deck sections was performed by Sarkar et al. (2009) , based on interlaboratory experimental data. However, the results from using the free vibration method are sensitive to disturbance from other sources of excitation, especially in vortex lock-in regions or at higher reduced velocities with large damping. Ukeguchi et al. (1996) proposed the forced vibration method for measuring the aeroelastic forces of bridge deck sections. It involved a complicated driving mechanism and measurement, but provided clear signals and high identification quality. Falco et al. (1992) investigated the validity of the conventional linear model through a least square identification technique, and the effects of the wind angle of incidence on bridge aeroelastic behaviors. Li (1995) conducted a forced vibration test in a water channel for measuring the aerodynamic derivatives. More accurate results can be obtained by using water than air as fluid medium. Noda et al. (2003) investigated the effects of vibration amplitude on the aerodynamic derivatives of a thin rectangular cylinder by comparing the results obtained from an unsteady pressure measurement. Their results illustrated that these effects cannot be disregarded for both simple thin plate and real bridge decks with more complex cross sections. Diana et al. (2004) presented an experimental set-up with active turbulence generator, which are designed for executing both forced and free motion tests. The setup also allowed for changing the average position in terms of angle of incidence and yaw angle for investigating the aerodynamic derivatives, admittance functions, and vortex-induced vibrations. Chen et al. (2005) indicated that aerodynamic derivatives are moderately dependent on the amplitude and frequency. Matsumoto et al. (1993) investigated the influence of vibration mode on the aerodynamic derivatives, by comparing experimental results identified from 1-DOF and 2-DOF forced vibration. Their results indicated that the aerodynamic derivatives of a flat rectangular cross section are independent of vibration mode, whereas the aerodynamic derivatives of a bluff rectangular section are significantly influenced by modal coupling. Recent studies by, Guo (2006) and Niu et al. (2007) with 3-DOF coupling forced vibration setups indicated that the results are more stable and satisfactory compared to those of free vibration techniques, and differences in results exist between 1-DOF, 2-DOF, and 3-DOF vibration styles.
The experimental forced vibration method has not been widely popularized because of the high cost of testing instruments. As a result of advances in computation power and improvements in CFD technology, numerical approach provides an opportunity to greatly overcome the cost limitations with experimental approaches. If the free vibration method is employed in numerical simulations, the mechanical system and aerodynamic forces will interact with each other, leading to a computational structure dynamics (CSD)-CFD coupled aeroelastic response prediction, which is extremely intricate and time-consuming. In the forced vibration method, the motion of bridge deck sections is prescribed in a sinusoidal vibration manner. One only needs solve the governing equations among the computational domain for evaluating the unsteady aerodynamic forces, and then the aerodynamic derivatives can be extracted using system identification technique. Numerical simulations for aerodynamic derivatives was firstly presented by Walther and Larsen (1997) , in which the aerodynamic derivatives of thin plate were identified by forced vibration method using the 2-DOF discrete vortex method (DVM). Many researchers applied the DVM to generic bridge deck sections (e.g., Larsen and Walther 1998; Zhou and Ma 2010) . Combining the arbitrary Lagrangian Eulerian (ALE) method with the Renormalization Group (RNG) k − ε turbulence model, Vairo (2003) applied the finite volume method (FVM) to simulate the aerodynamic derivatives of typical bridge deck sections, and the comparisons with the available wind tunnel tests showed a good agreement. Shirai and Ueda (2003) identified the aerodynamic derivatives of bridge decks with a central slot and stabilizer by exploiting a nonlinear k − ε model, and the aerodynamic mechanism was examined from the calculated flow patterns and unsteady pressure characteristics. Šarkić et al. (2012) obtained the aerodynamic derivatives for a streamlined deck section using Shear Stress Transport (SST) k − ω model, and the results are in good accordance with the experimental data.
As discussed above, many numerical studies conducted on the extraction of aerodynamic derivatives focused on the 1-DOF forced vibration method. To the authors' knowledge, there is no published study on using 2-DOF and 3-DOF coupling modes. By setting different vibration frequencies for the vertical, lateral, and torsional vibration components respectively, all the 18 aerodynamic derivatives can then be identified simultaneously via one 3-DOF coupled forced vibration. Major topics of this study are:
(1) the advantages of using the 3-DOF simulation technique with respect to time consumption, (2) its effectiveness and accuracy based on results on a thin plate, and (3) its application on a streamlined and a bluff deck section, are discussed. The efficacy of the linear superposition theorem for aeroelastic forces is checked. Two types of distinct aerodynamic nonlinearities are discriminated and demonstrated.
Numerical Simulations

Governing Equations
Incompressible, unsteady, 2D viscous fluid flow can be modeled using Reynolds Averaged Navier-Stokes equations. For the numerical fluid structure interaction (FSI) simulation that contains dynamic meshes, an important requirement is the appropriate modeling of the interactions between the fluid flow and the moving structures. In present case, the governing equations for mass and momentum are given in ALE formulation, which accommodates the moving boundaries and any subsequent deformation of the underlying discrete mesh. The mesh velocity u mj can be calculated using the space conservation law, as shown in Eq. (1):
Eq.
(1) represents that the rate of change of control volume (V) must equal the integral of the surface (S) velocity. In the ALE form, the advection term in the conservation equations includes the mesh velocity u mj , and the transient term must include the time-varying component of mesh volume (Hassan et al. 2010) . Derived from the Navier-Stokes equations, the ALE formulation for mass and momentum of incompressible fluid may be constructed as
where ρ = fluid density; u i or u j = fluid velocity components; x j = Cartesian spatial coordinates; p = fluid pressure; μ eff = effective viscosity which includes laminar and turbulent contributions; S i = additional momentum source contributions, if any. The discretization method of governing Reynolds Average Navier-Stockes (RANS) equations remains unchanged from the general application of FVM (Schneider and Raw 1987) . Although not included in this paper, we have simulated the aerodynamic self-excited forces using various RANS models (such as RNG k − ε, SST k − ω, Reynoldsstress-equation Model (RSM), and so on) in our preliminary research. The results indicated that the aerodynamic derivatives are not sensitive to the RANS model for streamlined sections. It is admitted that the accuracy of high-order components are lower than those of 1-order components. In the RANS approach, the turbulence viscosity is modeled by the SST k − ω model (Menter 1994) . It effectively blends the robust and accurate formulation of the k − ω model in the near-wall region, and the free-stream independence of the k − ε model in the far field. The benchmark testing showed that the SST k − ω model exhibits superior performance in wall flow simulation comparing to the k − ε models. Therefore, the SST k − ω model is used in this study. In consideration of the deforming meshes, the k equation and ω equation are also constructed in ALE form as
where P k = production rate of turbulence. Further details on the SST turbulence model implementation, including the specifications for constants (θ, Π Ã , Π°, and θ Ã ) are provided in Menter (1994) .
Computational Domain and Mesh Arrangement
To achieve accurate results, it is important to appropriately select the computational domain and boundary conditions. A schematic of the sections analyzed in this study and their boundary conditions are shown in Fig. 1 . Hybrid grids are used in the computational domain to improve efficiency in accuracy and time-consumption. The traditional finite difference method uses a structured grid, which requires a body-fitted grid transformation from a physical domain to a computational domain. The meshes that are closely aligned with the wall surfaces must be refined and stretched with a viscous boundary layer grid. The finite volume method is adopted in this study, which makes the mesh generation flexible since it has the capacity of dealing with both structured and unstructured grids. Structured quadrangular grids are generated for the nesting rectangular area zone, whereas unstructured triangular grids are applied for the outside zones. This treatment makes it easier to generate fine meshes in the vicinity of the cylinder surface although keeping the meshes in zones far away from the cylinder surface unchanged or at a proper coarser state. A schematic view of the meshes near the surface of one bluff deck section is shown in Fig. 2 .
Dynamic Mesh Model
For FSI analysis, the sections are subjected to forced vibrations in the lateral, vertical and torsional directions, and the dynamic mesh technique is employed. Vairo (2003) presented a numerical model to simulate unsteady flow around a bridge deck, in which only the boundary of the section moves rigidly, and the external boundary is stationary. This approach, however, is only applicable for sections with relatively small displacements. For sections with large displacements, the skewed and nonorthogonal meshes may be generated in the vicinity of the moving boundary. Zhu et al. (2007) identified aerodynamic derivatives of a suspension bridge deck, and the mesh system moves with the bridge deck synchronously, which ensures all meshes keep their original geometry. However, the computational region is large and the external condition is difficult to be defined. To overcome this problem, in this study, the computational domain is decomposed into two subdomains as shown in Figs. 1 and 2, which is similar to approach taken earlier by Fransos and Bruno (2006) . The inner structured quadrangular grid region is rigidly connected with the section and moves synchronously. Meanwhile, the outer unstructured triangular grid region deforms correspondingly. No deformation occurs in the quadrangular grids and their quality remains unchanged throughout the calculation process, which is a benefit especially for solving the viscous sublayer that is close to the section surface.
As a comparison to the inner structured quadrangular grid region, the outer unstructured triangular grid region deforms at each iteration time step. The deformation of an existing unstructured triangular grid is usually called dynamic mesh (Batina 1990) . In this study, the spring-based smoothing technique is adopted for deformation of dynamic mesh, in which a network of interconnected springs is attached along the edges of two mesh nodes. When the section model is imposed of a forced harmonic motion, the displacement at the fixed outer boundary Γ g nodes will generate the forces that are linearly proportional to the displacement along all springs that are connected to the node. At each iteration time step, the net force on each node must be zero. This condition results in an iterative equation expressed as:
where Δx i and Δx j = displacements of node i and its neighbor node j; n i = number of neighbor nodes connected to node i; and k ij = spring constant between node i and j, which can be defined as
Since the displacement is known as Γ g , Eq. (3) is resolved using a Jacobi sweep on all interior nodes. At convergence, the positions are updated by
where n þ 1 and n denote the next and current time steps, respectively.
Computational Method
Using the ANSYS FLUENT 6.3.26 program, the FVM is adopted to solve the governing equations of the numerical simulation in this study. The inlet flow velocity is set at 5.0 m=s. Because of some unavoidable turbulence in wind tunnel laboratory, the turbulence intensity is set as 1.0% in the simulations. The turbulence scale is set as 0.01H, where H is the height of section. The computational algorithm is referred to as SIMPLE (semiimplicit pressure linked equations), in which the velocity components are first calculated from the Navier-Stokes equations using an approximated pressure field, and then the pressures and velocities are corrected to satisfy the continuity requirements. The iterative procedure of predictionand-correction continues until the solution converges. The second order implicit scheme and upwind scheme are used for time and spatial discretization, respectively. For all cases in this study, each vibration period are divided into more than 250 calculation steps. The cases of using 100, 250, 500, and 1,000 steps in each period were attempted, and the results match well. The differences in the results between the 100 and 1,000 steps are found to be negligible. So the time steps adopted in this study are sufficiently short to ensure model simulation accuracy.
When enhanced walls are used, the viscous sublayer that is close to the section needs to be resolved by the computational mesh, and the criterion of y þ < 5 (y þ ¼ ρu τ Δy=μ) is required for the first layer computational point that is close to the section surface. For the concerned cases, in order to ensure the requirement of y þ < 5, the height of 0.0001 m is selected for the first layer. The mesh aspect ratio is mainly distributed in the region of 0.8 and 6. The 100 structured layers are distributed with a stretching factor of 1.2.
To further validate the accuracy of mesh generation and its influence on simulation results, four levels (i.e., coarse, medium, fine and finest) are investigated, and the related parameters are listed in Table 1 . The corresponding simulated torsional moment histories at certain wind velocities are depicted in Fig. 3 . It can be seen that the results by the adopted fine level in this study are very close to those of the finest level, thus the numerical simulation accuracy in this study can be ensured.
Extraction of Aerodynamic Derivatives with 3-DOF Coupled Forced Vibration Technique
Self-Excited Forces
The self-excited forces acting on a bridge deck section (Fig. 4) are classically represented as drag (along-wind force F D , downwind), lift (cross-wind force F L , upward), and torsional moment (M T , nose-up), which can be computed by integrating the pressures and shear forces along the boundary on the section surfaces. The selfexcited forces may be represented through the linear format as (Singh et al. 1996 )
where h, α, and p = vertical, torsional and lateral displacements, respectively; ρ = air density; U = wind velocity; B = bridge deck width; and 2, 3, 4, 5, 6) are the aerodynamic derivatives which depend on the cross-sectional geometry and mean angle of incidence. They are functions of reduced frequency K h=p=α ¼ Bω h=p=α =U, and ω h=p=α are the vertical, lateral, and torsional vibration circular frequencies.
Procedures for Numerically Simulating the Time-Varying Aeroelastic Forces
The solution for simulating time-varying aeroelastic forces generated by section motions in flow is inherently a transient problem, and the simulation procedure can be summarized as follows:
1. Initially, when the rigid section is fixed, a quasi-steady-state solution of flow condition can be obtained. At that moment, the corresponding lift, drag forces, and torsional moment may be calculated by integrating the pressures and shear forces along the boundary of the section surfaces. Meanwhile, the current flow condition provides the basis for the subsequent transient simulation. 2. The 3-DOF coupled forced-vibration is imposed on the rigid section. For each direction of vibration, sinusoidal motions of
Þ are prescribed, where h 0 , p 0 and α 0 are the amplitudes of the vertical, lateral, and torsional vibration displacements. φ h=p=α are the initial phase angels of three modes, which can be set as zeros without loss of generality. The new position can be easily determined using the time. Then, the section displacements, applied as boundary conditions, are diffused through the rest of the mesh using a set of iterative equation shown in Eq. (6). 3. The mesh velocity u mj is calculated using Eq. (1) (3)]. The calculation is advanced to the next step after resolving a series of coefficient loop iterations according to the specified convergence criteria. 5. The above procedures are iterated, and the time-varying forces can be extracted.
Extraction of Aerodynamic Derivatives
For the time-varying series of
: : : n, Eq. (7) can be rewritten as
where
The self-excited lift, drag force, and torsional moment can be obtained by subtracting the average component (i.e., the aerostatic response) from the experimentally measured or numerically simulated time-varying force/moment histories.
Finally, the flutter derivative vectors of X H , X P and X A can be estimated using the least-square technique as
It is noted that if matrices ðS T H S H Þ −1 , ðS T P S P Þ −1 , and ðS T A S A Þ −1 are not well-conditioned, it may cause high relative errors, especially for the minor components of aerodynamic derivatives. In such cases, the coupled vibration technique will result in a higher error. Generally, for seriously ill-conditioned matrix, the insignificant aerodynamic derivatives (e.g., H 
where A ∈ R 6×n , and each component of matrix A can be expressed as the summation of six sinusoidal waves with three types of frequencies, six types of amplitudes, and phases.
If we consider one of the high-order force components without loss of generality, it can be denoted as
where C is the coefficient for quantifying the high-order component amplitude, and n is the order. If t → ∞ or t ¼ nT (n ¼ 1; 2; 3 : : : , T ¼ lcmð2π=ω h ; 2π=ω p ; 2π=ω α Þ, T is the least common multiple of three modal periods), then
Theoretically, s h−o can be extended to a more general form as
where n 1 ; n 2 ; n 3 ¼ 2; 3; 4 : : : , n 4 ∼ n 12 ¼ 1; 2; 3; 4 : : : , C h , C p , C α , C hp , C hα , C pα , C hpα , are the corresponding coefficients vectors for different integers of n 1 ∼ n 12 . It must be pointed out here that the initial phase angle should be identical. Evidently, Eq. (14) is also applicable to Eq. (13). Practically, it is sufficiently accurate for n 1 , n 2 , n 3 ¼ 2, n 4 ∼ n 12 ¼ 1. Therefore, X H is independent of higher-order components. Analogously, X P and X A are independent of higher-order components. This means that it is not necessary to subtract the higherorder components for extracting aerodynamic derivatives. Note that it is necessary to select sufficiently long signal or length (t ¼ nT).
Description of Deck Sections
Three representative deck sections are included in this study, and their scaled sections are depicted in Fig. 5 . The first section is a thin flat plate, whose theoretical values of eight aerodynamic derivatives are available, by which the validity of the identification algorithm and the accuracy of coupled numerical simulation technique is verified. The second section (Section A), originated from a streamlined cross section of a steel box girder of the Humen suspension bridge (with a main span length of 888 m) located in China. The third section (Section B), is a bluff box girder slightly simplified from the Sunshine Skyway cable-stayed bridge (with a main span length of 364 m) located in America. For sections A and B, the aerodynamic derivatives were experimentally identified in wind tunnel tests by Chen et al. (2005) and Mannini and Bartoli (2008) , respectively. The static angle of incidence is 0°for all cases in this study. For the three sections, the inlet flow velocity is set as 5.0 m=s, and the reduced wind velocity is altered by changing the forced vibration frequency. The validity and efficiency of the newly developed coupled numerical method is verified from these three sections and the results are discussed in the following sections of this paper.
Results and Analyses
Thin Flat Plate Section
There are three issues in using the 3-DOF forced vibration method for a thin flat plate: (1) the thickness is very small and the aeroelastic forces are negligible, (2) there are no theoretical solutions that can be compared with, even the flutter derivatives are extracted, and (3) the thickness is zero for an ideal thin flat plate, and therefore, there is no need to extract the lateral aeroelastic forces. Because of these issues, only the 2-DOF coupled forced vibration is used in this paper to verify the efficacy of coupled numerical simulations. Three sets of amplitudes are studied to assess their influence on eight aerodynamic derivatives. The numerical analysis results by Walther and Larsen (1997) , the experimental results by Chen et al. (2005) , and the results from this study of the eight aerodynamic derivatives are compared in Fig. 6 . Some findings from this comparison are as follows:
1. The numerically extracted aerodynamic derivatives are in good agreement with the theoretical solutions, especially for H
, thus, validating the accuracy of the newly developed coupled numerical simulation. 2. The estimation accuracy by Walther and Larsen (1997) cannot compete with the proposed technique in this study. 3. Compared to the experimental results, the numerical analysis results are closer to the theoretical solutions, especially for
The vibration amplitudes (in the currently covered region) play negligible roles on the aerodynamic derivatives. However, aerodynamic nonlinearities can still be detected by the differences among the identified values. This nonlinear property is more apparent for the bluff section, which is further elaborated in the following section.
Bridge Deck Sections
Without loss of generality, the amplitudes are set as h 0 ¼ 5 mm, p 0 ¼ 5 mm and α 0 ¼ 2°for vertical, lateral and torsional motion displacements, respectively. As previously noted, the amplitudes can influence the results (Scanlan 1997) and is further explored herein. The numerically extracted aerodynamic derivatives by the traditional 1-DOF and 3-DOF simulations for Sections A and B are shown in Figs. 7 and 8, respectively. For comparison, the experimental results by Chen et al. (2005) and Mannini and Bartoli (2008) are also provided in Figs. 7 and 8. Some key findings based on the results of streamlined deck section in Fig. 7 are as follows:
1. For H Ã 1∼4 , A Ã 1∼4 and P Ã 1;4;5;6 , the results by the 1-DOF and 3-DOF vibrations are consistent and are almost independent of the vibration style. To great extent, the efficacy of synchronously extraction technique is again examined. Nevertheless, H Ã 6 , A Ã 5 and A Ã 6 seem to be closely related to the modal coupling and exhibit high sensitivity to signal quality. The corresponding aeroelastic components are negligible, which contribute to the poor identification accuracy. Fortunately, these derivatives have little effect on the response of aeroelastic stability. 2. H Ã 1;3;4 , A Ã 1;2;3 are close to the analytical results of the idealized thin plate. Nevertheless, some differences can be detected for H Ã 2 and A Ã 4 . Therefore, it can be concluded that the . It must be noted that it is difficult to accurately quantify these two parameters, and they play insignificant roles in wind-excitation reactions. In addition, the vibration amplitudes and wind velocities are different for numerical simulations and experimental tests. Clear discrepancies can be observed in the experimental results by different amplitudes and vibration frequencies (Chen et al. 2005) . Some key findings based on the results on bluff deck section shown in Fig. 8 are as follows:
1. Similar to those of the streamlined section, for, the values of H Ã 1∼3 and A Ã 1∼3 from the 1-DOF and 3-DOF vibration are consistent, whereas other aerodynamic derivatives are closely related to the modal coupling and exhibit high sensitivity to signal quality. Some parameters are strongly influenced by the nature of the vibration mode, which has also been documented earlier by Matsumoto et al. (1993) . 2. On the whole, the numerical results showed good agreement with the experimental values with a few exceptions. The experimental results were obtained by the free vibration method, which is believed to have lower identification accuracy compared to the forced vibration technique. In addition, the experimental model and the present numerical model have slightly different chamfer between the later cantilevers and the inclined walls of the box. The experimental model was made of aluminum, and the lower corners are rounded attributable to the manufacturing of the bent sheet-aluminum, although these corners were modeled as perfectly sharp in the numerical case. For such a section, the sharpness at the leading edge lower corner can have a significant effect on flow pattern and aerodynamic properties, as previously demonstrated by Mannini et al. (2010) . 3. The variation of A Ã 2 values from negative to positive at higher reduced velocities (U=fB > 10) is an important aerodynamic characteristic of the blunt section, which indicates the onset of 1-DOF torsional flutter. For comparison, in the streamlined section, the A Ã 2 remained negative in the whole region of the reduced velocity, which may be considered to yield 2-DOF or 3-DOF coupled flutter. The aerodynamic derivatives associated with vertical and torsional motion are familiar to researchers. The lateral aerodynamic derivatives of P Ã 1∼6 is discussed in the following analysis. Comparisons of numerical and experimental aerodynamic derivatives of Section A 1. P Ã 1 , P Ã 2 and P Ã 3 are regarded as the most important lateral aerodynamic derivatives, which represent damping related to the lateral motion, damping, and stiffness provoked by the torsional motion, respectively (Chen and Kareem 2002) . P Ã 1 decreases with increasing of reduced wind velocity and remains negative for Sections A and B, which shows that the lateral damping increases with the increasing wind speed. For Section A, P Ã 2 approaches zero, and for Section B, P Ã 2 remains negative and decrease with increasing reduced wind velocity. For Section A, P Ã 3 remains negative and decrease with increasing reduced velocity. However, for Section B, with increasing reduced velocity, P Ã 3 decreases first and remains negative, and then increases to positive values. 2. For both sections at all reduced velocities considered, P Ã 4 approaches zero. For Section A, P Ã 5 decreases with increasing reduced velocity, and remains negative in all considered regions. However, for Section B, P Ã 5 is negative at lower reduced velocities, and then increase to positive values at higher reduced velocities. For Section A, P Ã 6 is nearly constant and approaches zero, although for Section B, P Ã 6 remains positive and increase monotonically with increasing reduced velocity. Numerical simulations can overcome some disadvantages with experimental wind tunnel tests, in which the aerodynamic derivatives are difficult to be extracted accurately at high reduced wind velocities. In conventional 1-DOF numerical simulations, to obtain 18 flutter derivatives, three independent forced vibrations have to be conducted. In the 3-DOF coupled method proposed in this study, only one simultaneous coupled forced vibration is required. For each vibration, the computation time is independent of number of DOF. Thus, the computation time using the coupled method is reduced by nearly 67%, when compared with the conventional methods.
Calibration of the Linear Superposition Theorem for Aeroelastic Forces
In smooth flow, consider one deck section oscillates in a harmonic coupled vertical-lateral-torsional mode, and the vertical, lateral and torsional displacements can be expressed as follows, respectively:
pðtÞ ¼ p 0 sinðω p t þ φ p Þ;
The time-varying histories of aeroelastic lift force F L−VLT ðtÞ, drag force F D−VLT ðtÞ, and torsional moment M T−VLT ðtÞ can be obtained via wind tunnel tests and/or numerical simulations. The aerostatic components should be eliminated from the initially However, these components are not quantified or taken into account in the aerodynamic derivatives extraction and bridge flutter analysis. If the auto and cross high-order components are considered as the nonlinear parts and omitted, the previously widely-accepted linear superposition theorem can be expressed as
For the streamlined section (without flow separation) with lower amplitudes, the above assumption is considered acceptable. However, this assumption is not true for bluff section that vibrates violently with obvious flow separation.
The errors of linear superposition theorem are demonstrated below using the Sunshine Skyway Bridge deck as an example. The amplitudes, initial phases, reduced frequencies, and numerically simulated aerostatic coefficients are listed in Table 2 .
For the case of V
, the aerostatic coefficients are close to the three single-degree-of-freedom modes, especially for the vertical and lateral modes. But they are different with the results for coupled 3-DOF modes, especially for the lift force. Therefore, it can be concluded that the flows cannot satisfy the linear superposition assumption. Because of the modal coupling, the flow structure is altered and become more complex, and the flow interaction intensity is subsequently enhanced. The cross high-order components cannot be generated by three independent 1-DOF vibrations, which is one possible cause for the difference. Further, the customary adoption of the aerostatic coefficients (measured in wind tunnel tests or calculated by numerical simulation) in the wind-induced dynamic responses need to be discussed, and the rationality is inevitably doubted. It is speculated that the distinctions of the three modal frequencies may contribute to the difference of aerostatic coefficients. Thus, the case of
was attempted, and the results from the coupled 3-DOF modes are very close to those of the torsional mode. Although these differences cannot be avoided, they decrease to significant extent.
For the case of
, the aeroelastic forces are depicted in Fig. 9 . The time duration is T (3.24s), the forces for longer duration is just a repetition of histories in [0, 3.24s] . In addition, the results are actually extracted from the interval of [6.48, 9.72s] 
, the self-excitation forces contribution weights will be subsequently altered. 3. The linear superposition theorem [Eq. (16) ] is invalid for this case, especially for the drag force. They are different in both amplitudes and phases. For the lift and drag forces, the results from the 3-DOF coupled case are higher than those of superposition ones. The torsional moment is independent of vibration styles. Therefore, the aerodynamic derivatives deviations shown in Figs any, may be included: section asymmetry, noticeable amplitudes, and cross high-order components. If the section tends to be more asymmetrical and the amplitudes are higher, the nonlinearities will be correspondingly more evident.
High-Order Components of Aeroelastic Forces
With a reduced velocity of V Table 2 , the larger amplitudes make the section more blunt, and the drag coefficients increase. The lift coefficient is sensitive to the angle of incidence, and it changes nonlinearly with the wind angle in the investigated region. However, the torsional coefficient may vary linearly, hereby the average response is almost irrelevant with the symmetrical variation of the wind angle.
The self-excited forces contain high-order components, and the power spectra analyses are performed on the lift, drag forces, and torsional moment signals, and the results are shown in Fig. 10 . To make proper comparisons, the weights of power spectra density of various aeroelastic force components are normalized for the lift, drag forces, and torsional moment and are summarized in the same figure. The major characteristics include the following:
1. The most predominant component originate from the torsional mode for the three aeroelastic forces. 2. The component with a frequency of 0.309 Hz (f ¼ 1=T ¼ 1=3.24 ¼ 0.309) is first detected by this numerical technique.
The relative weight attains 12% for torsional moment, whereas the relative weights are negligible for lift and drag forces. 3. The components corresponding to the vertical and lateral modes are much lower than the torsional mode, which was also discussed in the former section. 4. Various high-order components (e.g., f h þ f p , f h þ f p , 2f h , f h þ f α , 2f α , f h þ 2f α , 4f h ) are successfully captured by the numerical simulation. Except for the predominant components depicted in Fig. 10 , the weights for other frequency components tend to be close to zero. This clearly demonstrates a satisfactory simulation accuracy. 5. For the aeroelastic drag force, the component with the frequency of 2f α is very prominent. It should be mentioned that the component with the frequency of f α may incorporate contribution of 2f p , which cannot be discriminated because of f α ¼ 2f p for this case. Similar phenomena were observed by Chen et al. (2005) in their experiments for the Jingsha Bridge with a static attack angle of 0°a nd amplitude of 4°. 
